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1. SUMMARY 
Duplex stainless steels are used primarily in the chemical industry and in oil refinery plant, as 
their microstructure consists of 50% austenite and 50% ferrite, an excellent combination of 
mechanical properties is ensured. 
In this Project the changes produced in the microstructure have been studied, as well as the 
variation of mechanical properties in duplex (UNS S32205), laminated superduplex (UNS 32750) 
and tube-shaped superduplex stainless steels when they are subject to thermal treatments, in a 
temperature range close to the one used in the industrial processes, between 600-1000ºC.  In 
this precise range of temperatures, intermetallic phases, such as sigma phase or chi phase, can 
precipitate and hereby deteriorate their mechanical properties.  
Although many studies have been performed to understand this process submitting these 
steels to long duration thermal treatments, very few have been conducted for short time duration 
in order to analyse the initial steps of the precipitation of these phases, situation that can already 
occur during the shaping process. 
The thermal treatments were conducted at 830ºC during 4,6,8,13,17 and 25 minutes, in order 
to promote the precipitation of the phases inducing embrittlement, sigma and chi. The objective 
was thus to find the relationship between the growth of these phases and the increase of hardness 
that these steels suffer after the thermal treatments, and thereby to get a comparative evaluation 
of the three different steels used (two of them in shape and two of them in grade).  
The study of the microstructure was carried out using the high resolution scanning electron 
microscope (Field Emission SEM). Using a backscattered electron detector and EDS (energy 
dispersive spectroscopy) microanalysis we were able to observe and characterize all the different 
phases. 
The obtained results show the formation and growth of these phases in the three types of 
steels. The formation of the sigma and chi phases is located on the grain boundaries and is 
caused by the diffusion of chrome and molybdenum from the ferrite phase.  
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Nonetheless, whilst sigma phase grows towards the inside of the ferrite, we do not observe a 
significant growth in the chi phase remaining in the phase boundaries. Moreover, the fast kinetics 
of the formation of these phases in the laminated super duplex steel is remarkable compared to 
the ones in the other two steels. 
Finally, the mechanical behaviour of each sample was studied by the Vickers microhardness 
testing, corroborating that with a higher amount of theses brittle phases, the material hardens and 
increases their strength, although decreasing the ductility. 
Keywords: Duplex and superduplex stainless steel, sigma phase, chi phases, thermal 
treatment, hardness, microstructure. 
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2. RESUMEN 
Los aceros inoxidables dúplex se utilizan principalmente en la industria química y 
petroquímica ya que su microestructura consiste en un 50% austenita y un 50% ferrita, lo que 
garantiza, una combinación de excelentes  propiedades mecánicas.  
En este proyecto se han estudiado los cambios producidos en la microestructura y en las 
propiedades mecánicas de los aceros inoxidables  dúplex (UNS S32205),  superdúplex (UNS 
32750)  laminados  y superdúplex (UNS 32750) conformado en tubo,  cuando son sometidos  a 
tratamientos térmicos isotérmicos, en un rango de temperatura cercano al utilizado en el proceso  
industrial entre 600-1000oC. En este rango pueden precipitar las fases intermetálicas como la 
fase sigma o la chi que deterioran sus propiedades mecánicas.  
Aunque se han realizado muchos estudios sometiendo estos aceros a tratamientos térmicos 
con tiempos de larga duración, existen muy pocos estudios que contemplen los tratamientos 
térmicos  a tiempos cortos para analizar los pasos iniciales de la precipitación de estas fases, 
situación que puede darse en un proceso de conformado. 
El tratamiento térmico fue realizado a 830ºC durante 4, 6, 8, 13, 17 y 25 minutos con el fin de 
promover la precipitación de las fases fragilizantes, sigma y chi. El objetivo fue relacionar el 
crecimiento de estas fases con el incremento de dureza que sufren estos aceros tras el 
tratamiento térmico y de ese modo obtener una evaluación comparativa una  de los tres aceros 
diferentes (dos de ellos en forma y dos de ellos en grado).  
El estudio de la microestructura fue llevado a cabo mediante la técnica de microscopia  
electrónica de rastreo (Field Emission SEM). Utilizando un detector de electrones 
retordispersados y microanálisis EDS (espectroscopia de energía dispersiva)  se pudieron 
observar y caracterizar las diferentes fases. 
Los resultados obtenidos muestran la  formación y crecimiento de las fases en los 3 tipos de 
aceros. La formación de las fases sigma y chi se localiza en los límites de grano y es causada 
por la difusión de cromo y molibdeno desde la fase ferrítica. 
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 Sin embargo, mientras que la fase sigma crece hacia el interior de la ferrita, no se observa 
un crecimiento significativo de la fase chi, permaneciendo en los límites de fases. Además, 
destaca la rápida cinética de formación de estas fases en el acero super dúplex (UNS 32750) 
laminado comparado con los otros dos aceros. 
Por último, el comportamiento mecánico de las muestras se estudió mediante la microdureza 
Vickers, corroborando  que a mayor cantidad de esta fase  el material se endurece y aumenta su 
resistencia a la tracción, por lo que presenta una disminución de la ductilidad. 
 
Palabras claves: Acero inoxidable dúplex, Acero inoxidable súper dúplex,  Fase sigma, Fase 
chi, Tratamientos térmicos, dureza, microestructura. 
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3. INTRODUCTION 
Duplex and Superduplex stainless Steel are materials which are characterized by a biphasic 
microstructure made by similar volume fractions of austenitic ( and ferritic ( orphases [1]; 
these they are named austenic-ferritic steels [2]. This microstructure results from a 
ferriteaustenite solid phase transformation and is obtained by an accurate balance of chemical 
composition and heat treatment. Starting from a fully ferritic structure, the solid state 
transformation occurs during cooling and the resulting phases have different chemical 
composition [3-4]:  Fe with mainly Cr (18-28%), Ni (4-6%) and Mo (1.5-3%) [5].  
The merits of the two phases are granted, which are high corrosion resistance and ductility of 
the austenitic phases, plus the high mechanical strength of the ferritic phase [2]. 
These have been quickly introduced in a lot of industrial sectors during the last two decades, 
where they require an optimal combination of chemical and mechanical properties, as resistance 
to several types of corrosion, such as general and localized, and high values of mechanical 
resistance, as well as a good weldability [6-7]. 
They are classified given their chemical composition in duplex stainless steel (DSS) and 
superduplex stainless steel (SDSS), and this last one has higher content of chrome and 
molybdenum. Both steels can differ from the PRE, the pitting resistance equivalent number, which 
can be obtained by the following: 
PREN=%Cr+3.3 %Mo+16%N 
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3.1. INTERMETALLIC PHASES PRECIPITATION IN DSS AND SDSS 
An unfavourable feature of duplex Steel is its susceptibility to high temperature effects causing 
structural transformations. Depending on their chemical composition, austenitic-ferritic steels are 
less or more susceptible to precipitation processes. Their ageing at a temperature higher than 
500ºC initiates precipitation processes [9].  
These precipitates are very harmful for the mechanical properties and corrosion resistance of 
the Steel. Therefore, in certain temperature ranges the time when the first precipitate forms is 
rather short and this fact should be considered when using and designing procedures for duplex 
and superduplex steels [10-11]. 
A schematic time-temperature-precipitation (TTP) diagram summarizes the approximate 












Figure 3.1. Schematic TTP diagram for secondary phases in DSS [12]. 
 
This diagram also shows the influence of different alloying elements illustrating that the higher 
alloying content of superdulex stainless steels makes them more prone to precipitation. Higher 
alloying contents of Cr, Mo, W, and Si lead to extend the stability range of precipitates and move 
the nose of TTP curves to shorter times [13]. 
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3.2. SIGMA-PHASE () 
The sigma phase is a hard and brittle intermetallic compound, rich in Cr and Mo, which is 
formed from ferrite [14]. This phase has deleterious effect upon both mechanical and the corrosion 
properties [15].  
The suggested mechanism is that this phase is formed between 600ºc and 1000ºC (13) by 
the eutectoid decomposition of ferrite in σ and austenite, nucleating in the ferritic grain boundaries 
and in the austenitic/ferritic interface, growing in favour of the interior of the ferrite [16]. 
The formation of phases enriched in Cr and Mo causes the ferrite to be depleted in theses 
alloying constituents, as a consequence of which it may transform into austenite depleted in the 








                                      Figure 3.2 Formation of   sigma phase [17] 
 
Besides the chemical composition, other factors can propitiate the sigma formation such as 
grain size, the smaller the grain size the greater the tendency towards the sigma formation. The 
sigma phase is more easily formed in high energy regions such as grain boundaries an interfaces. 
The temperature of annealing heat treatment influences the sigma phase formation in two ways: 
Higher annealing temperatures cause an increase in grain size, which reduce the tendency 
towards the sigma phase formation. On the other hand, at higher temperatures, high-temperature-
ferrite can occur, ( ferrite) facilitating the sigma phase formation during ageing heat treatments 
[18]. 
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3.3. CHI-PHASES (
The -phase is also associated with negative effects on corrosion and mechanical properties 
[19]. It precipitates between a range of temperature of 700ºC and 900ºC, in lower quantities than 
the sigma phase [16], frequently their nucleation takes place in the ferritic/austenitic [20] 
interphase and grows into the matrix δ. The chi phase, as the sigma phase, is weak and brittle, 
therefor, its presence or formation is not desired. The effect this phase makes on the properties 
of the own material is hard to quantify, due to unusual coexistence with the sigma phase, and it 
is presented in a much lower proportion than the latter [5]. 
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4. OBJECTIVES 
The aims of this Project are: 
- The study of the precipitation of the intermetallic phases in duplex and superduplex 
steels after a short-time thermal treatment 
- The investigation of the effect of the precipitation of the sigma and chi phases on 
the microstructure and the influence of the shape in which the steel is wrought.  
- To study the differences between DSS and SDSS thermally treated and the ones 
untreated, comparing properties and microstructure. 
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5. MATERIALS AND METHODS 
5.1. MATERIALS 
The material used in this work has been 2205 duplex and 2507 superduplex stainless steels. 
 These have been used as sheets of 200x200 (mm) with a thickness of 4mm and 2mm 
respectively. The 2507 superduplex stainless steel is tube-shaped with an internal diameter of 
15mm and has a wall thickness of 10mm. This steel is provided by Outokumpu (Finland), and 












               
                       Table 5.1. Chemical composition of 2205 and 2507 steel (% in w) 
 
 
Steel 2205 2507 
UNS designation     S32205 S32750 
Composition (%w)   
C 0.015 0.018 
Si 0.40 0.26 
Mn 1.50 0.84 
P 0.018 0,0019 
S 0.001 0,0010 
Cr 22.49 25.08 
Ni 5.77 6.88 
Mo 3.21 3.82 
N 0.184 0.184 
Cu 0.18 0.17 
Ca 0.002 0 
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 DSS 2205 SDSS 2507 
Yield strength (0.2%) 655 MPa 744 MPa 
UTS 848 MPa 938 MPa 
Deformation 28% 28% 
Table 5 2. Mechanical properties of 2205 and 2507 steel 
5.1.1 Characteristic properties and applications 
 Due to the high content of chromium and nitrogen, and often also molybdenum, these steels 
offer good resistance to localised and uniform corrosion. The duplex microstructure contributes 
to the high strength and high resistance to stress corrosion cracking. Duplex steels have good 
weldability. 
As a result of this and its high mechanical resistance, toughness and its good weldability, 
different applications have been found: in the chemical industry, oil refinery plant, paper industry, 
thermal and nuclear energy. They can also be found in the food industry, where DSS 2304 and 
2205 are advantageously replacing 304L and 316L stainless steels, reducing the corrosion risks 
and the contamination of the product.  As nickel prices rise and fall the relative cost savings may 
be large compared to similar austenitic alloys. 
The manufacturing of DSS orientates towards the conformation of tubes for the transport and 
treatment of seawater in desalination processes, heat exchangers for chlorinated seawater used 
as a refrigerant, in high-pressure units for inverse osmosis in desalination plants and above all in 
transport systems with high content of chlorine or contaminated with hydrochloric acid. It also 
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Thermal 
treatments
• Solubilization at 1080 ºC + quenching in water
• Ageing  at 830ºC + quenching in water
Samples 
preparation
• Cross cut with a  SiC saw
• Phenolioc resin mounting
• Grinding and polishing
Characterization
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5.3. THERMAL TREATMENT 
Thermal treatments took place in a Hobersal MOD.12 PR/200 series 8B oven. 
For starters, a solubilisation treatment was made at 1080ºC during 30 minutes, afterwards it 
was quenched in water. This way any retained precipitate could be dissolved, as well as the 
elimination of any segregation and to ease or relieve any residual thermal tension in the material 
that could lead us to any mistakes or errors in our results. 
Then we proceeded and applied the thermal treatment that goes by the name of ageing. This 
consists in submitting different pieces of steel to an isothermal of 830ºC during different periods 
of time, in between 4 and 25 minutes, as shown in table 5.2 below. This was followed by water 
quenching, in order to produce different phases percentages at ferrite-austenite microstructure. 
 
Table 5.3. Study of material thermal treatment at 830ºC 
 
5.4. SAMPLES PREPARATION 
In order to carry out characterization tests, with the objective of having a good superficial 
polish, the following procedure took place: 
1. A “Remet IPA 30” stuffer was used, with two types of resins: Polyfast conductor 
phenolic resin and Nera phenolic resin. Work temperature remained constant at 
160ºC, whilst pressure oscillated between 40 and 70 bars. 
2. Moreover, all the samples where grinded. First, we started using a more abrasive 
paper, which had 240 particles/inch2. Once the surface was ready, we could 
observe that all the lines made by the SiC paper were heading towards the same 
direction. Afterwards we kept using rough paper with a decreasing size of number 
of particles. Starting at 600, then 800 and finally 1200. 
3. This was followed by the polishing of the samples with diamond paste, and as well 
as for the grinding process we first polish them at 6 micron diamond particle and 
0 min 4 min 6 min 8 min 13 min 17 min 25 min 
Thermal treatment and properties relationship with brittle phases in duplex and superduplex stainless steels. 17 
finish with 1 micron diamond particle. Before and after every polishing, all the 












Figure 5.2. Mounting system Remet IPA 30 
 
5.5. CHARACTERIZATION 
5.5.1 SCANNING ELECTRON MICROSCOPY (SEM) 
In this Project the SEM SSM-7100F microscope was used, with an EDS detector: INCA 
PentaFETx3. It is used for the observation of analysis of surfaces, providing topographic and 
morphologic Intel of organic and inorganic samples. 
Its functioning is based in producing an image, using an electron beam that falls upon the 
simple. This beam moves vertically through the microscope heading towards the simple. Once it 
impacts with the sample, an interaction with the electrons in the sample’s atoms takes place, 
originating different signals, such as, secondary electrons, backscattered electrons, characteristic 
X-rays, auger electrons and cathode luminescence. These are captured by a detector, and then 
are projected into a tube of cathodic rays, this way the image is formed. 
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From all signals generated by the interaction between the electron beam and the sample, the 
ones used in this project where the following: 
- Secondary electron signal (SE): These electrons are used to create a black and 
white image of the surface e of the sample. These are captured by the detector at 
any point of the sample. This way we can obtain a topographic image of the surface 
of the sample 
- X-ray signal: These particular signals are detected by an EDS detector. This 
collects all x-ray signals generated by the interaction of the electron beam and the 
surface of the sample. These have a unique and characteristic energy depending 
on the element in which it was formed. This way we can conduct a microanalysis 
that can be qualitative or quantitative. 
- Backscattered electron signal: We measure this signal through the backscattered 
electron detector (BED). This present an image of the surface due that these 
electrons proceed majorly from the beam that rebound from several interactions. 
The intensity of the signal of these electrons, for a given beam energy, depends on 
the atomic number of the material. This fact allows us to differentiate phases in a 











Figure 5.3. Microscope SEM SSM-7100F 
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5.5.2 MICROHARDNESS TEST 
The microhardness assay is performed by a microhardness testing machine Galileo ISISCAN 
OD. This device applies a uniaxial load of 0.98kg of compression during 15s. This uses a squared 
based pyramid as an indenter, in which their opposite faces form an angle of 136º, to produce a 
plastic deformation on the surface of the sample. The mark that this indenter leaves is observed 
under a microscope and depending on the dimensions of the diagonals of this mark, we can 










Figure 5.4. Microhardness testing machine Galileo ISCOSCAN OD.   
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6. RESULTS AND DISCUSSION 
For industry application the sigma phase formation is one of the most important due to the 
rapid formation in alloys that contain over 22% chrome and more than 2.5% of Mo. The 
precipitation of intermetallic phases such as sigma phase in a little fraction of ferrite produces a 
drastic drop in toughness at room temperature. 
Nevertheless, it is important to study the formation of these phases when they are used in a 
lower range of temperatures. 
These phases can form in matter of minutes at certain temperatures. Therefore, thermal 
treatments used for the manufacture and/or process of these Steel must take into consideration 
the kinetics of the reaction of the formation of the phase of study to ensure that the mechanical 
properties obtained are the ones desired. This type of steels have been developed to maximize 
resistance and delay the precipitation of phases  
6.1. MICROSTRUCTURAL EVOLUTION DURING AGING 
The samples were analysed through SEM, using the backscattered electron detector (BSE-
BED), in which  the ferrite () and austenite () appear in the background, with the ferrite darker 
than the austenite; the secondary phases appear as small bright regions ( the -phases brighter 
than the -phase). ). This is because sigma and chi phases contain a higher percentage of Mo. 
Molybdenum is a heavier element in comparison to the other elements that compose these steels. 
Hence the higher percentage of heavy elements the steel contains, this will show a brighter shade 
in the image. 
In figure 6.1 the structure consists of white etched austenite () islands embedded in a gray 
etched ferrite () matrix with no other secondary precipitates. As consequence of being deformed 
in the two-phase region a banded texture of elongated  islands is observed on the longitudinal 
section.       
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

        








































Figure 6.2. Micrograph 6 min tube SDSS 
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In total we have four phases: austenite (), ferrite (), sigma () y chi ().In figure 6.2, that 
corresponds to the 6 minute tube SDSS sample, each and every one of the phases of the structure 
of the material are noted. 
Images corresponding to DSS, SDSS and tube SDSS for thermal treatments of 4, 6, 8 and 
13 minutes are shown in figures 6.4 and 6.5. 
In figure 6.4 for a thermal treatment of 4 min, small secondary particles were found to 
precipitate at the ragged interfaces between  island an ferrite matrix. These interfaces have been 
well known as the preferential nucleation sites for heterogeneous precipitation on sigma phases 
[16]. The size and amount of sigma phase enhances with the ageing time at 830ºC, as shown in 
figure 6.5, and these phases eventually became the coarse particles with an irregular shape. 
The growth of sigma phase was enhanced by high diffusion of solute atoms and consequently 
this phase developed into a coarse particle after log-term aging. The amount of sigma nuclei 
formed at the beginning of the thermal treatment for SDSS is pretty high; this depends on the 
shorter diffusion distances at lower precipitation temperatures. Hence, lower diffusion velocity 










                                                                        
 
Figure 6.3 Diffusion in solid mater 
In general most of transformations that involve the ferrite phase are primarily caused by the 
rapid diffusion rate of alloy elements in this phase compared with the rate for the austenite phase. 
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It can be seen, the precipitation of the chi phase occurs before the precipitation of sigma 
phase. In DSS at 4 minutes the sigma precipitation is non-existent and in tube SDSS only a small 
amount is formed. The chi phases usually nucleates at the ferrite/ferrite interface and the 
boundaries ferrite/austenite in figure 6.4, for tube SDSS and a thermal treatment of 6 minutes, we 
can observe that this phase is formed in a triple point of /
In SDSS at 4 minutes we can find the existence of sigma phase and chi phase, although the 
first one in higher proportion. For SDSS steel, as it is seen in figure 6.4, more phases appear 
more rapidly, this is due to the higher amount of Mo and Cr that this steel contains in comparison 
to the DSS.  Tube-shaped SDSS doesn’t respond in the same way to the thermal treatments as 
the regular SDSS. Although it is the same type of steel, when manufacturing them, the tube SDSS 
goes through more stress relaxing methods (hot working techniques or post thermal treatments). 
Even though they have the same composition, this makes its intermetallic phase formation 
kinetics to be lower. 
In figure 6.5, it can be seen a similar behaviour as the one exposed previously, the sigma 
phase evolves faster in SDSS, moving towards the ferrite phase matrix. This makes it easy to see 
the predomination of the austenite phase. 
 For tube SDSS as well as DSS we observe a remarkable increase in the amount of formation 
of secondary phases, when we go from a thermal treatment of 8 to 13 minutes, while in the SDSS 
is observed an increase of these phases when we go from 6 to 8 minutes of treatment. 
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Figure 6.4. Micrograph series DSS, SDSS and tube SDSS for 4 and 6min. 
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Figure 6.5. Micrograph series DSS, SDSS and tube SDSS for 8 and 13min 
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Finally, in the 17 and 25 minutes samples of SDSS the ferrite phase almost vanishes, giving 
way to the sigma phase, nevertheless, in the DSS we yet see a higher amount of the initial ferrite 
phase, whilst for both SDSS there is a remarkable increase in the sigma phase. 
As it is observe in figure 6.6 that in SDSS at 25 minutes the big increase in the grain size of 
the secondary sigma phase reduces its tendency to form, being that it runs out of ferrite to 
continue growing/ expanding. The presence of the sigma phase surrounded by austenite is a 
typical morphology in an eutectoid reaction. During the transition of the transformation from ferrite 
phase to sigma phase, the ferrite’s alphagenic elements impoverish, producing there 
destabilization and ultimately their transformation to secondary austenite. 
On the other hand, the chi phase has a different behaviour than the sigma phase. The chi 
phase establishes it’s self throughout the ferrite/austenite grain boundaries. Although this phase 
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Heat treatment for 17 min                                Heat treatment for 25 min 
Figure 6.6. Micrograph series of DSS, SDSS and tube SDSS for 17 and 25 min 
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6.2. COMPOSITIONAL MICROANALYSIS BY RX DIFFRACTION SPECTROSCOPY 
(EDS) 
A semiquantitative compositional analysis was carried out by EDS, to qualify each one of the 
phases present in the samples. It exists a great variation in the elements of the phases, which 
allows us to identify them in the SEM images. 
- The elements selected for each of the phases were the following: 
- Carbon: element alloying with iron, typical in all steels, it is found in small 
percentages.  
- Nitrogen: delays the formation of intermetallic phases enough time to allow the 
fabrication process. IT is a strong austenite maker and reduces de energy of the 
effects of stacking and increases the hardening speed by the deformation of 
austenite 
- Oxygen: Chrome has great affinity from this element and reacts forming a 
passivating layer that prevents the corrosion of iron  
- Chrome: It is a ferrite maker, promoting the cubic structure centred in the iron´s 
body. A high chrome percentage favours the intermetallic phase formation, finding 
its self in a higher percentage in the sigma phase. 
- Manganese: the influence of this element is ambiguous. This element is a sigma 
phase stabilizing as well as it increases the solubility of nitrogen. 
- Iron: predominant element in all of the phases. 
- Nickel: This element is an austenite stabilizing. It promotes change of the crystalline 
structure of steel form body centred cubic (BCC) to face centred cubic (FCC) 
- Molybdenum: This element is a ferrite former and it also increases the tendency to 
form intermetallic detrimental phases. It is found in a greater percentage in the chi 
phase. 
Coming up next, an example of the data obtained for an SDSS tube-shaped for a thermal 
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Figure 6.7 tube SDSS 17 min 
                                                               














Table 6.1 % in ferrite 
Figure 6.8 EDS analysis of ferrite phase. 
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Figure 6.9 EDS analysis of austenite phase 
 
 






















Table 6.2 % in austenite 
Table 6.3 % in sigma 
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The results indicate that the sigma phases was partitioned in Cr and Mo while the chi phases 
was particularly enriched in Mo, - ferrite is partitioned with the elements of Cr  while the  phases 
contains increasing Ni and Mn contents. 
The control of the minor elements is a must, since enriched alloys by these elements are 
prone to precipitation of the chi and sigma phases. 
Later on, we can see a graphic that shows the variation of Cr and Mo in each of the three 
types of steel.  Abrupt changes were seen in each figure, as a result of them being analysed at 
different spots, which can be more or less rich in these elements. This is because these phases 
are not totally homogeneous. 
Before thermal treatment, the formation of secondary phases is inexistent, hence the content 
of the studied elements are not presented in the graphics. 
In figure 6.12 it is shown the chrome content for DSS. We don’t appreciate the tendency of 
ferrite to diminish due to the short length of time of the thermal treatments in this study. 
Besides this, the analysis was conducted in interior spots of the phases, and not in the grain 











Table 6.4 % in chi 
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Figure 6.12. Graph of the percentage of chromium in DSS with varying treatment time 




















































34 González Mayorca Daniella 
In figure 6.13 it is shown how the content of molybdenum changes in DSS. We observe a 
tendency to increase in the chi phases. This is due to the fact that the diffusion path is shorter 
and therefore reaches the equilibrium faster. On the other hand, the contrary is what happens in 
the sigma phase. The grains grow with time hence the diffusion path will be bigger and take longer 
to reach equilibrium. 
Observing figure 6.14 as it is observed a similar behaviour to figure 6.12. Besides this fact, in 
figure 6.15 for molybdenum it can be seen a decrease in the content of the chi phase. This is due 
to the faster kinetics in SDSS, which makes the chi phase disappear faster, as we can see in the 
images of the microstructure, and thereby it will lose its content of this element, as seen in the 
graphic. 
Observing the same figure, we can appreciate the content decrease of this element in the 
ferrite. The ferrite percentage is very low compared with the one before the thermal treatment and 
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Figure 6.15. Graph of the percentage of molybdenum in SDSS with varying treatment time 
 
Observing Figure 6.16 we do not appreciate any remarkable changes regarding the steel at 
time zero, as explained above, there is a high content of Cr allowing it to diffuse to regions where 
there is a lack of this element. This is due to the formation of secondary phase. 
In figure 6.17 the behaviour in sigma phase is totally different than in other steels. Observing 
the microstructure we can verify that this is due to a rapid and abrupt growth in the sigma phase. 
When analysing the points in the phase, there wasn’t enough time for the content of this element 
to spread out throughout the volume of the sigma phase. 
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Figure 6.17 Graph of the percentage of molybdenum in tube SDSS with varying treatment time 
These results are complemented with a linescale analysis that would show the changes in 
composition at joined areas.  Using this method we could observe the diffusion process more 
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6.3. PHASE QUANTIFICATION 
For the phase quantification the program “imageJ” was used. This is a very interesting tool 
for the processing of images, and it was developed in the National Institute of Health. 
This program calculates the area and the statistics for the value of the pixel from selections 
that are defined by the user and the threshold object intensity, giving an approximate percentage 
of the volume of each phase found in the samples. An example of this is shown in the figure 6.18. 
To obtain better results a number of different specific filters were used to quantify, such as 
Gaussian blur filter or smooth filter. 
 The area of these images was 48.25 x 38.75 m it is assumed that this will span throughout 
enough part of the sample to obtain representative data.  The results obtained by “ImageJ” are 
found in annex 2. 
Figure 6.19, which corresponds to DSS, shows what we have already seen in the SEM 
images. We can see how the ferrite decomposes into secondary austenite and the sigma phase 
after the annealing at 830ºC goes from 50% to nearly half of this. 
In figure 6.20 we can see a similar behaviour but with further remarkable changes in the 
secondary phases. This is because they a greater kinetics. It can be seen that with increasing 
sigma phase the ferrite suffers a decrease of its percentage in the sample until 11% 
approximately. The chi phase does not reach 2% of the total, peaking its maximum at 17 minutes, 
and starting to decrease at 25 minutes. This does not happen in DSS being that the kinetics is 
much slower. To be able to perceive the decrease in this phase we should perform assay with 
longer annealing times. This is shown in the microstructure, such as SDSS, the phase formation 
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Finally, in figure 6.2, which refers to tube SDSS has also a similar compartment to the other 
two steels with the difference that at the beginning we can find in the sample a greater percentage 
of ferrite than austenite. After the thermal treatment times this diminishes considerably up to 50%, 
this happens in DSS too. It is also observed that the chi phase reaches its maximum, as well as 











Figure 6.21. Percentage variation in phases according SDSS treatment time 
 
6.4. MICROHARDNESS TEST. 
The properties of the duplex steels are obtained from the mixture of austenite and ferrite 
phases at around 50% each one, as explained above. These properties are distorted if one of the 
other phases decreases and increases as it happens in the thermal treatment. Therefore 
microhardness tests of all samples were performed in order to demonstrate that the sigma phase 
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 Hardness values depend on the following situation: 
- Variation of microstructure (effect of T). 
- Chemical composition variation due to the tendency of certain alloying elements to 
diffuse and concentrate in certain areas of the material (figure 6.22). As a result it 








Figure 6.22 Different diffusion paths at two grains or particles. 
 
The microhardness values were obtained from microhardness testing machine and are  found 
in Annex 3.  
 In the experiments conducted microhardness results varied greatly for the same sample 
depending on where the indenter penetrated, this is because of the formation of the intermetallic 
phases. Therefore the measurement was repeated until values in a similar range were obtained 
minimizing the median error. 
In the graphs presented below error bars are included in order to show which data is more 
reliable.  
As it can be seen in DSS (figure 6.23) the hardness of the material increases approximately 
20%, starting with hardness of 155.1 HV after the treatment and after 25 minutes achieves a 
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hardness of 180.7 HV. It can be observed that the first hardness increase occurs after 13 minutes 











Figure 6.23 DSS 2205 microhardness depending on the treatment time. 
 
As for SDSS although its initial hardness after solution treatment is higher, it is seen as 
increasing this property is much faster reaching an increase of 35% in 25 minutes of thermal 
treatment. This increase in hardness is caused by the rapid kinetics of formation and growth of 
sigma phase in SDSS. 
Although the hardness of tube SDSS after solution treatment is practically equal to the SDSS 
(figure 6.25) this increase in hardness is not as fast as in the superduplex, as explained above 
even if it is the same grade of steel. This is explained by the different relaxation techniques that 
the steel goes through which decrease their kinetics of formation and growth of secondary 
phases. In the graph it is observed that as a result an exponential increase in hardness occurs, 























































































Tube SDSS  2507 hardness
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In figure 6.26 the hardness of the three steels are illustrated and compared. It is observed 
that the SDSS has a similar behaviour as tube SDSS until 6 minutes of annealing treatment. 
However at 8 minutes of treatment the superduplex steel undergoes an increase in hardness of 
12% compared to the 6 minutes treated sample, meanwhile the tube SDSS for the same case 
only suffers a hardness increase of only 1.2 %. 
On the other hand, it is shown that the DSS has a slower intermetallic phase formation 
kinetics, which consequently influences the hardness. This is explained because initially (without 
thermal treatment) the steel contains less percentage of chromium and molybdenum and 







Figure 6.26. Comparative of SDSS 2507, Tube SDSS 2507 and DSS 2205. 
 
In order to verify that the sigma phase affects the hardness increase in these steels, some 
graphics have been developed which relate the proportion of this phase with the hardness. 
It can be seen that in the DSS (figure 6.27) steel there is a relationship between hardness 
and growth of sigma phase, since the phase increase match with the increases in the steel 
hardness proportionally. Compared with SDSS (figure 6.28) also follows a hardness relationship 




















DSS vs. SDSS vs. tube SDSS 
SDSS 2507 SDSS Tubo 2507 DSS 2205Tube SDSS 2507 
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increases, so does its hardness.  The increase in hardness is more prominent than for the other 
steels because in this grade of steel a higher amount of sigma phase is formed faster, changing 

























































Correlation between microhardness and the percentage of 
sigma phase in DSS


































Correlation between microhardness and the percentage 
of sigma phase in SDSS
SDMicrodureza SD%sigma
DSS Hardness DSS  sigma ph se 
SDSS % sigma phase SDSS Hardness 
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In tube SDSS (figure 6.29) an evolution of hardness related to sigma phase can also be 









Figure 6.29 percentage ratio of sigma phase and hardness in tube SDSS 2507 
 
After comparing the data obtained of hardness and percentage of sigma phase formed in 
each sample, it is confirmed that the material hardens and therefore, even if it was not possible 
to perform impact or ductility tests, since these characteristics are usually opposed, it can be 
deduced that the materials has been weakened. Furthermore, as it was the aim of the study, it 
was found that even for shorter thermal treatment times these mechanical properties are affected 
considerably, so the maximum operating temperature must be taken into account when duplex 





































Correlation between microhardness and the percentage of 
sigma phase in tube SDSS
Tube SDSS hardness SDT%fase sigmaTube SDSS % sigma phase 
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7. CONCLUSIONS 
In this study it was investigated the effects of thermal treatments at 830ºC and for short time 
on the microstructure and mechanical properties of DSS 2205, SDSS 2507 and tube SDSS 2507 
and can be summarized as follows: 
- Secondary phases are detected by using the back-scattered electron detector 
(BED) in the Scanning Electron Microscope and confirmed with EDS microanalysis. 
- Chi phase is the first intermetallic phase to precipitate, always at the  boundaries. 
It has a higher percentage of molybdenum than the other phases, but its growth is 
slower.  
- Sigma phase can be found preferably at  interfaces according to an eutectoid 
reaction: , growing into the ferrite after a certain time of thermal treatment. 
This phase is richer in chromium and molybdenum than the original ferrite and 
austenite phases. 
- The nucleation and growth of sigma phase is faster in SDSS due to its greater 
amount of chromium and molybdenum alloying elements.  
- The kinetic of intermetallic phases formation is favoured by the grain boundaries 
diffusion 
- It has been proved that even at the beginning of the secondary phases formation 
they produce an increase in hardness to the steel, and also that SDSS is harder 
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APPENDICES 
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APPENDIX 1: EDS MICROANALYSIS 
 
DSS without Thermal Treatment 
 -Ferrite -Austenite -Sigma -Chi 
Fe 62.28 61.46   
Cr 23.71 20.82   
C 3.63 3.95   
O 1.48 1.54   
N 0 1.11   
Mn 1.15 1.56   
Ni 3.83 7.39   
Mo 5 2.17   
Table 1.1. Percentage in weight of DSS without thermal treatment 
 
 
DSS 4 min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 59.94 63.63  5.35 
Cr 23.68 21.09  22.87 
C 5.43 4.79  5.35 
O 1.64 0  1.14 
N 0 0.3  0 
Mn 1.67 1.49  1.92 
Ni 4.05 6.07  3.09 
Mo 4.08 2.7  11.01 
Table 1.2.Percentage in weight of DSS 4 min 
 
 




  -Ferrite -Austenite -Sigma -Chi 
Fe 60.54 61.63 62.38 54.84 
Cr 24.4 20.53 25.85 24.28 
C 4.24 4.61 1.60 4.77 
O 1.42 1.12 0.76 1.99 
N 0 0.45 0 0.52 
Mn 2.32 1.22 0 0.48 
Ni 3.84 6.66 4.52 2.73 
Mo 4.99 3.77 6.26 10.39 
Table 1.3.Percentage in weight of DSS 6 min 










 -Ferrite -Austenite -Sigma -Chi 
Fe 58.96 60.99 58.06 52.11 
Cr 23.05 20.64 25.33 23.21 
C 8.94 6.77 3.43 6.77 
O 0.38 1.26 0 2.57 
N 0.34 0.3 0 0.23 
Mn 1.1 1.41 0.36 0.43 
Ni 3.67 6.2 2.56 2.87 
Mo 3.56 2.42 10.77 11.81 




 -Ferrite -Austenite -Sigma -Chi 
Fe 59.45 60.92 52.02 50.74 
Cr 24.34 20.73 27.42 26.44 
C 5.41 5.53 5.85 2.4 
O 1.07 1.23 1.63 0.57 
N 0 0 0 0.32 
Mn 1.58 1.88 1.40 2.37 
Ni 3.75 6.98 3.74 3.03 
Mo 4.55 3.06 8.51 14.13 






 -Ferrite -Austenite -Sigma -Chi 
Fe 56.37 60.02 51.53 53.03 
Cr 21.88 20.31 26.57 23.46 
C 11.9 7.31 7.71 5.49 
O 2.18 1.44 2.38 2.26 
N 0 0.61 0 0 
Mn 1.14 1.36 1.41 0.73 
Ni 2.59 6.57 3.57 3.3 
Mo 4.26 2.38 7.83 12.63 
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DSS 25 min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 57.37 59.1 56.59 50.27 
Cr 24.47 20.26 27.64 25.15 
C 9.19 8.04 2.41 3.9 
O 0.83 1.7 0.36 2.42 
N 0 0 0 0 
Mn 0.93 1.47 1.75 1.31 
Ni 3.27 7.13 3.76 2.94 
Mo 4.17 2.86 7.7 15.62 





DSS without Thermal Treatment 




 -Ferrite -Austenite -Sigma -Chi 
Fe 54.51 59.28   
Cr 28.8 23.09   
C 3.35 4.87   
O 1.99 0   
N 0.98 0   
Mn 0.72 1.16   
Ni 5.16 8.42   
Mo 5.5 3.58   
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SDSS 4 min 






SDSS 6 min 




 -Ferrite -Austenite -Sigma -Chi 
Fe 57.67 59.05 51.59 55.43 
Cr 26.04 23.38 26.85 25.29 
C 5.5 4.31 5.33 2.31 
O 1.01 1.47 1.49 1.32 
N 0 0.13 1.95 0 
Mn 0.5 1.27 0.71 1.15 
Ni 4.85 7.68 4.44 5.05 
Mo 4.56 2.7 7.63 10.39 
 -Ferrite -Austenite -Sigma -Chi 
Fe 58.15 59.85 54.51 49.51 
Cr 24.92 22.64 27.53 25.1 
C 4.55 4.17 2.95 4.25 
O 1.1 0.96 1.85 1.09 
N 0.59 0.82 0 0.22 
Mn 1.1 1.45 1.14 0.3 
Ni 5.72 7.51 4.06 3.22 
Mo 3.88 2.6 8.63 11.88 
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SDSS 8 min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 57.19 57.8 53.3 53.19 
Cr 26.41 23.56 30.08 23.27 
C 6 5.72 5.27 5.58 
O 1.36 0.75 1.76 0 
N 0 0.35 0 0 
Mn 0.71 0.84 0.39 1.78 
Ni 3.95 7.57 5.05 4.95 
Mo 4.71 3.4 6.86 13.99 





SDSS 13 min 




 -Ferrite -Austenite -Sigma -Chi 
Fe 56.44 59.6 58.2 52.07 
Cr 27.31 22.99 30.77 25.45 
C 4.49 4.3 2.45 4.48 
O 2.08 0.94 0 0.15 
N 1.04 0.57 0 0.34 
Mn 0.18 1.16 0.57 0.56 
Ni 3.82 7.31 4.79 3 
Mo 4.62 3.12 8.2 13.95 
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SDSS 17 min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 57.73 60.02 52.09 51.57 
Cr 25.39 23.15 29.06 24.27 
C 6.05 5.12 7.52 7.19 
O 0.94 0.75 0.92 0.08 
N 0.39 0 0 0 
Mn 0.66 0.6 0.39 0.47 
Ni 4.1 7.35 3.46 4.49 
Mo 4.74 3.42 7.41 13.02 






SDSS 25 min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 61.27 59.37 55.41 51.6 
Cr 26.71 23.47 27.95 26.47 
C 4.36 4.87 4.08 3.69 
O 1.38 0.97 1.15 2.67 
N 0 0 0 0.2 
Mn 0.69 1.03 1.03 0.34 
Ni 3.68 7.46 3.99 3.6 
Mo 2.29 2.98 6.83 11.43 
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 Tube SDSS without Thermal Treatment 
 -Ferrite -Austenite -Sigma -Chi 
Fe 56.83 58.46   
Cr 27.06 23.39   
C 4.09 4.4   
O 2.25 0.33   
N 0.08 0.99   
Mn 0.27 0.96   
Ni 4.93 8.2   
Mo 4.48 3.29   






Tube SDSS 4 min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 56.71 57.47 55.02 53.62 
Cr 26.66 23.63 29.82 25.85 
C 4.57 4.64 3.97 3 
O 1.39 1.51 1.05 1.96 
N 0 0.1 0 0 
Mn 0.93 1 0 1.16 
Ni 5.27 8.59 5.49 5.63 
Mo 4.72 3.06 6.16 8.89 
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Tube SDSS 6min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 55.84 58.86 51.82 54.91 
Cr 26.81 24.17 28.87 25.92 
C 4.27 3.55 4.8 4.45 
O 1.87 1.15 0.7 0.65 
N 0.1 0.51 1.3 0 
Mn 0.91 0.8 1.45 0.69 
Ni 4.84 7.88 3.68 5.09 
Mo 5.36 3.08 7.39 8.58 






Tube SDSS 8 min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 53.73 57.59 56.89 54.57 
Cr 26.03 22.85 28.97 27.56 
C 7.61 5.93 2.80 2.45 
O 1.11 1.58 1.88 2.28 
N 1.06 0 0 0 
Mn 0.95 0.84 1.17 1.3 
Ni 4.93 7.68 4.13 4.07 
Mo 4.57 3.71 4.23 9.01 
Table 1.16.Percentage in weight of tube SDSS 8 min 
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Tube SDSS 13 min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 56.88 57.3 52.06 48.17 
Cr 27.91 23.68 31.23 26.06 
C 4.09 4.95 4.35 6.34 
O 1.14 1.38 1.35 2.6 
N 0 0.39 1.47 0 
Mn 0.55 0.91 0.19 1.66 
Ni 5.3 7.44 4.25 3.79 
Mo 4.7 3.95 5.09 12.38 






Tube SDSS 17 min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 56.72 57.93 53.63 48.41 
Cr 26.37 23.02 30.51 27.64 
C 5.68 5.25 2.73 5.58 
O 1.21 1.09 1.82 0 
N 0 0.9 0 2.13 
Mn 0.9 1.07 0.55 0.82 
Ni 5.11 7.86 4.14 5.29 
Mo 4.37 2.88 7.53 11.48 
Table 1.18.Percentage in weight of tube SDSS 17 min 
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Tube SDSS 25 min 
 -Ferrite -Austenite -Sigma -Chi 
Fe 59.68 61.96 58.99 57.11 
Cr 22.53 19.93 29.05 23.17 
C 6.96 4.88 0.77 2.83 
O 1.21 1.43 0.98 2.31 
N 0 0.62 0 0 
Mn   1.12 1.60 1.64 2.16 
Ni 4.80 6.99 2.12 3.22 
Mo 4.22 2.60 6.95 15.06 
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APPENDIX 2: PHASE QUANTIFICATION 
 
DSS 2205 
t (min) -Ferrite -Austenite -Sigma -Chi 
0 48.09 51.29 0 0 
4 45.67 54.25 0 0.08 
6 46.71 52.71 0.39 0.18 
8 41.5 57.63 0.76 0.11 
13 34.96 60 3.7 1.34 
17 35.04 59.73 6.75 1.01 
25 26.88 63 7.69 2.43 
Table 2.1. Percentage of phases in DSS 2205 
 
 
SDSS   2507 
t (min) -Ferrite -Austenite -Sigma -Chi 
0 45.67 54.33 0 0 
4 45.12 52.64 1.96 0.28 
6 36.98 54.12 8.25 0.64 
8 23.76 59.83 15.42 0.49 
13 16.56 63.49 18.67 1.28 
17 15.17 63.45 19.97 1.41 
25 11.34 64.41 23.43 0.82 
Table 2.2. Percentage of phases in SDSS 2507 
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Tube SDSS 2507 
t (min) -Ferrite -Austenite -Sigma -Chi 
0 54.4 45.6 0 0 
4 55.49 44.3 0.16 0.04 
6 45.14 52.96 1.82 0.09 
8 44.93 51 3.85 0.22 
13 36.98 56.18 6.58 0.26 
17 29.48 58.69 10.14 1.69 
25 20.57 59.16 18.87 1.41 
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APPENDIX 3: MICROHARDNESS TEST 
 
DSS 2205 
Table 3.1. Microhardness of DSS 2205 
 
SDSS 2507 
t (min) 0 4 6 8 13 17 25 
 182.5 180 189 207.1 218 241 246.2 
 183.7 180.6 183.8 209.8 226 234.4 248.1 
 184.5 185 185 211.5 228 241.5 247.5 
 183.1 186.4 185 205.8 215.8 242.8 250 
        
Media  183.5 183.0 185.7 208.6 222.0 239.9 248.0 
Desvest 0.854 3.179 2.272 2.577 5.956 3.761 1.580 
Table 3.2. Microhardness of SDSS 2507 
 
t (min) 0 4 6 8 13 17 25 
 156 155 158.4 154.4 158 170 188 
 156.4 154.4 155 156.6 163.2 168 179.2 
 153 155 157.5 158 161 171.8 181.3 
 155 157 154 159 165 172.6 174.2 
        
Media 155.1 155.35 156.225 157 161.8 170.6 180.675 
Desvest 1.519 1.136 2.066 1.993 2.610 1.901 4.596 
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Tube SDSS 2507 

















t (min) 0 4 6 8 13 17 25 
 180.5 186 180 186.4 188.1 203 233.6 
 181.8 180 185 185.2 195 201 235 
 179 181 186 186 191 207.2 232.9 
 182 183 184 187 190 200 233 
        
Media  180.8 182.5 183.8 186.2 191.0 202.8 233.6 
Desvest 1.387 2.646 2.630 0.755 3.465 3.164 1.069 
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